A large number of studies have demonstrated that the nucleus accumbens (NAC) is a critical site in the neuronal circuits controlling reward responses, motivation, and mood, but the neuronal cell type(s) underlying these processes are not yet known. Identification of the neuronal cell types that regulate depression-like states will guide us in understanding the biological basis of mood and its regulation by diseases like major depressive disorder. Taking advantage of recent findings demonstrating that the serotonin receptor chaperone, p11, is an important molecular regulator of depression-like states, here we identify cholinergic interneurons (CINs) as a primary site of action for p11 in the NAC. Depression-like behavior is observed in mice after decrease of p11 levels in NAC CINs. This phenotype is recapitulated by silencing neuronal transmission in these cells, demonstrating that accumbal cholinergic neuronal activity regulates depression-like behaviors and suggesting that accumbal CIN activity is crucial for the regulation of mood and motivation.
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acetylcholine | neurotransmission | s100a10 | antidepressant T he nucleus accumbens (NAC) has been identified as a critical site in the neuronal circuits controlling reward responses, motivation, and mood (1) (2) (3) . For example, in major depressive disorder (MDD): (i) NAC activity is reduced in response to positive stimuli (4) and (ii) MDD symptoms can be reversed by deep brain stimulation in the NAC (5, 6) . Although these regional studies implicate the NAC, the cell type(s) responsible for the pathophysiology remain to be elucidated. In the case of MDD, it is crucial that we determine which neuronal cell types regulate depressive-like behaviors to eventually develop highly targeted antidepressants that could be both faster acting and have fewer off-site effects. MDD is a debilitating psychiatric condition characterized by anhedonia (defined as a loss of interest in pleasurable things), loss of motivation, negative affect, behavioral despair, and changes in cognition and basic drives such as eating and sleeping. Despite its complexity, central features of the disease, such as anhedonia and behavioral despair, can be modeled in rodents to probe the underlying neuronal circuitry.
The serotonin receptor (5HTR) interacting protein p11 is a small intracellular protein that regulates the localization of certain 5HTRs, including 5HTR1B and 5HTR4 (7, 8) , at the cellular surface. Constitutive p11 knockout (KO) mice show both anhedonia (e.g., reduced sucrose preference) and increased behavioral despair (e.g., increased immobility) (7) (8) (9) . Recently, we identified the NAC as a key brain region in which loss of p11 induces depression-like behaviors (9) . The NAC is composed of several different cell types (10) . Approximately 95% of the neurons in this region are medium spiny neurons (MSNs), the projection neurons of the NAC. The cholinergic interneurons have a characteristically large soma and make up less than 1% of the neurons in the striatum (10) . Cholinergic interneurons primarily target MSNs via muscarinic and nicotinic acetylcholine receptors, although GABAergic interneurons also receive some cholinergic input.
In the current study, we identify cholinergic interneurons as a primary site of action for p11 in the NAC and show that manipulation of p11 in this single cell type regulates anhedonia and behavioral despair in rodent models of depression. The depression-like phenotype that we observe in mice lacking p11 in accumbal cholinergic interneurons is recapitulated by silencing neuronal transmission in these cells. This work identifies accumbal cholinergic interneurons as critical modulators of depression-like states and suggests that the activity of these neurons is crucial for the regulation of mood and motivation.
Results
Analysis of Accumbal Cell Types Expressing p11. We reported that reduced p11 expression in the NAC leads to a depressive-like phenotype (9) . Therefore, we sought to determine the cell types in the NAC that express p11. Immunohistochemical analysis of human NAC tissue indicated that p11 was highly expressed in cholinergic interneurons, which are identified by their expression of choline acetyltransferase (ChAT) (Fig. 1A) . Similarly, in the mouse, ChAT neurons showed the highest levels of p11 in the NAC (Fig. 1B ) compared with other cell types. We next used the translating ribosome affinity purification (TRAP) technique (11, 12) to isolate ribosome bound mRNA from multiple cell types in the NAC. We used bacTRAP mice expressing the EGFPL10a transgene in cholinergic interneurons, dopamine receptor 1 (D1) expressing striatonigral MSNs, and D2-expressing striatopallidal MSNs. Subsequent quantification of p11 message levels by RT-quantitative PCR (qPCR) indicated that p11 expression in accumbal cholinergic interneurons was enriched 30-fold compared with noncholinergic cell types in the NAC [±9.09 SEM, F (1,4) =30.02, P < 0.01]. Both D1-and D2-receptor containing MSNs express p11 but at lower levels compared with the cholinergic interneurons ( Fig. 1 C and D) [D1-MSNs vs. rest of the NAC: 1.3-fold ± 0.04 SEM, t (1, 6) =3.611, P < 0.05; D2-MSNs vs. rest of the NAC: 1.25-fold ± 0.02 SEM, t (1, 6) =2.979, P < 0.05].
Effect of Cell Type-Specific Deletion of p11 on Depression-Like Behavior. Given the high levels of p11 expressed by cholinergic interneurons, we next examined whether these cells regulate depressive-like behavior, including anhedonia and behavioral despair. For this purpose, we used an intersectional strategy by using p11 conditional floxed mice (13) and four different BAC transgenic mice expressing CRE recombinase under different BAC promoters to target the different cell populations (14) . First, ChAT-CRE-expressing mice were used to target cholinergic neurons, including but not limited to the NAC cholinergic interneurons. Second, dopamine D2-receptor (D2-) CRE mice targeted striatopallidal MSNs and ChAT neurons in the striatum but also expressed CRE in D2-containing neurons in the cortex, hypothalamus, and midbrain. However, the only point of intersection between the ChAT-CRE and D2-CRE mouse lines is striatal cholinergic interneurons. We took advantage of this intersection and compared behavioral results from these two lines. In contrast to the D2-CRE mice, adenosine 2a (A2a)-CRE is a striatopallidal MSN-specific line, targeting only those cells. Finally, dopamine D1-receptor (D1-) CRE expressing mice targeted striatonigral MSNs. Loss of p11 in the relevant cell type was confirmed by immunohistochemistry.
These cell type-specific p11 KO mice were tested in depression-related behavior tests. Anhedonia is modeled in rodents by measuring preference for palatable sucrose solution. In the current study, we assessed anhedonia and also performance in two widely used models of behavioral despair, the tail suspension test (TST) and the forced swim test (FST). Both the TST and the FST are models of depression that assess the response of an animal to an inescapable stressor (15) . Behavioral analyses revealed that ChAT-and D2-p11KO mice had a reduced preference for sucrose ( Fig. 2A) , and increased immobility in the TST (Fig. 2B) , consistent with the anhedonic and depressive-like phenotype observed in the constitutive p11KO mice (7) . ChATp11KO mice also showed increased immobility in the FST (Fig.   S1 ) compared with controls. In contrast, A2a-p11KO mice behaved similarly to controls in sucrose preference and TST (Fig. 2  A and B) , indicating that the effects observed in the D2-p11KO mice can be attributed to the loss of p11 in the cholinergic interneurons, which express D2 receptors, and not because of p11 loss in the D2-expressing MSNs. D1-p11KO mice showed no difference in sucrose preference ( Fig. 2A) and reduced immobility in the TST (Fig. 2B ) compared with controls. All four transgenic mouse lines tested responded normally to the selective serotonin reuptake inhibitor (SSRI) antidepressant citalopram in the TST (Fig. 2B ) and showed no differences in locomotor activity (Fig. S2 ).
Silencing Neurotransmission in Cholinergic Interneurons Induces
Depression-Like Behaviors. To definitively identify accumbal ChAT neurons as regulators of depression-like behaviors and to determine how the activity of these neurons is involved in the behavioral outputs, we silenced neurotransmission in these cells by using virus-mediated delivery of two membrane-tethered toxins (ttoxins) against calcium voltage-gated channels. This approach has been used in other cell types and has been shown to effectively silence neurotransmission in cells expressing these t-toxins (16) . Mice expressing CRE recombinase under the ChAT bac promoter were infected with the CRE-dependent AAV-t-toxins MPE and APC or with control AAV-PE virus. Expression of the t-toxins or control virus was determined by immunohistochemistry ( Fig. 3A) , and the number of ChAT-positive cells expressing the viruses was determined ( Fig. 3 B and C). In mice infected with the control virus (AAV-PE), 77% of ChAT neurons expressed AAV-PE, as detected by EGFP/ChAT colocalization (Fig. 3B) . In mice infected with the AAV-MPE/APC viruses, 78% of ChAT neurons expressed both AAV-MPE and APC, as detected by colocalization of EGFP, Cherry, and ChAT, and indicating the near-complete infection of NAC ChAT neurons by the viruses (Fig. 3C ). All neurons expressing AAV-MPE/APC were ChAT positive, demonstrating that there was no ectopic expression of the t-toxin viruses in non-ChAT neurons. Mice infected with the t-toxins showed significantly reduced sucrose preference ( Fig. 3D ) and increased immobility in both the TST (Fig. 3E ) and the FST (Fig.  3F ) compared with controls. There was no effect of the t-toxins on total distance traveled in an open field (Fig. 3G) , illustrating that the observed effects on immobility could not be attributed to changes in locomotor activity. Taken together, these data suggest that silencing neurotransmission in accumbal cholinergic interneurons mimics the effect of p11KO and induces a depression-like behavioral phenotype, suggesting that downstream neuronal activity of these neurons is necessary to maintain motivation and prevent behavioral despair.
Cell Type-Specific Overexpression of p11 Rescues KO Phenotype.
Given our previous studies implicating the NAC as the site where p11 loss exerts its effects on depression-related behaviors (9), and our current data showing that ChAT-p11KO and D2-p11KO mice are anhedonic and have increased behavioral despair, we took a second approach that permitted temporal, spatial, and cell type-specific p11 expression. For this purpose, we generated a virus that selectively overexpressed p11 only in neurons expressing CRE recombinase (Fig. 4 A and B) . Thus, mice expressing CRE recombinase in ChAT neurons were bred with constitutive p11KO mice, and the NAC was infected with the CRE-dependent AAV. The NAC can be subdivided into core and shell regions, which share distinct anatomical and functional circuitry (17) . Because cholinergic interneurons are an extremely sparse population of neurons (<1%) in the mouse NAC, we have not attempted to distinguish between core and shell regions in the current study. Behavioral analysis of these mice showed that p11 overexpression specifically in NAC ChAT neurons restored normal behavior in constitutive p11KO mice, reflected both in the sucrose preference test and the TST (Fig. 4 C and D) . There was no effect of p11 overexpression on locomotor activity (Fig. 4E) . In wild-type (WT) mice, p11 overexpression in NAC ChAT neurons had no effect on behavior (Fig. 4 C-E) , which is consistent with previous results (9) . Control virus injections (AAV-YFP) also did not influence behavioral responses in WT or p11KO mice (Fig. 4 C-E) . Overexpression of p11 in ChAT neurons of the dorsal striatum (caudate/putamen; CPU) had no effect on the behavioral responses of p11KO mice tested in the sucrose preference test, TST, and open field (Fig. 4 F-H ). These results demonstrate that the influence of p11 in ChAT neurons on depression-like behaviors is specific to cells located in the NAC and not generalized to ChAT neurons in the CPU.
Discussion
Striatal cholinergic interneurons have been linked to addictive behaviors (18, 19) , reward learning (19, 20) , cognitive function (21), and feeding behaviors (22) , all of which can be dysregulated in patients suffering from depression. The NAC, specifically, has been strongly linked to depressive symptoms (1, (4) (5) (6) and is a brain region where p11 levels modulate depressive-like behaviors (9) . Using an intersectional loss-of-function approach, we demonstrate that deletion of p11 specifically in NAC cholinergic interneurons led to depression-like behaviors. This effect was reversed by subsequent overexpression of p11 in NAC ChAT neurons of constitutive p11KO mice, using a CRE-dependent AAV. Further, we demonstrate that ChAT interneurons play a key role in the NAC circuit regulating mood, because silencing neurotransmitter release from these cells using membrane-tethered toxins resulted in a depression-like phenotype. Taken together, these results show that NAC cholinergic interneurons are crucial for the generation of depression-related behavior, identifying this cell type as an important substrate in the circuitry that regulates mood, motivation, and reward responses.
NAC and Its Involvement in Mood Circuitry. The NAC is a component of a dispersed circuit that modulates mood and motivation. Human imaging studies and rodent models have demonstrated that its activity is linked to depressive-like states (1, 5, 23, 24) . The NAC receives dopaminergic inputs from the ventral tegmental area (VTA), serotoninergic inputs from the raphe, and glutamatergic inputs from regions such as the amygdala, hippocampus, thalamus, and infralimbic prefrontal cortex (PFC), all of which have been linked to depression and/or antidepressant action (Fig. 5A ). Although MSNs are the primary projection neurons of the NAC, local cholinergic interneurons function to regulate their activity (10) via AChRs expressed on the MSN cell surface. While cholinergic interneurons account for only a small percentage of cells in the NAC (∼1%), they exert a robust influence over accumbal function. Our results emphasize this point in that deletion of p11 specifically from these cells was sufficient to induce a depression-like phenotype, likely a result of decreased activity of the ChAT cells, because silencing the cells with membrane tethered-toxins also resulted in depressive-like behavioral responses. Such an effect may have altered behavior as a result of altered MSN activity, because it has been shown that photoinhibition of NAC cholinergic interneurons enhances MSN spiking in vivo (19) . It is notable that some depression-related behaviors (e.g., sucrose preference) may be explained by disruptions in reward learning, a feature of MDD in humans (25) . Silencing neurotransmission in accumbal ChAT neurons reduces sucrose preference (Fig. 3A) and cocaine-induced reward learning (19) .
We identify NAC cholinergic interneurons as a cell type that is responsible for inducing both anhedonia and behavioral despair in rodent models of depression. It has been suggested that acetylcholine (ACh) plays an important role in depression and its treatment (26, 27) , and cholinergic interneurons are the sole source of acetylcholine in the NAC. However, a cholinergic hypothesis of depression suggests that increasing cholinergic transmission is prodepressive and that anticholinergics may function as antidepressants, supported in part by the observation that tricyclic antidepressants have central anticholinergic properties (26) . This hypothesis is further supported by the more recent finding that scopolamine, a centrally acting antimuscarinic agent, is a potent antidepressant in humans (28) . When considering the cellular circuitry that may underlie these effects, it is important to note that (i) there are several sources of ACh in the brain, e.g., basal forebrain and pontomesencephalic cholinergic neurons, which exert widespread and complex cholinergic modulation of many brain areas including the PFC, hippocampus, amygdala, VTA, and dorsal raphe (Fig. 5A ) and (ii) the cellular mechanisms underlying the actions of anticholinergics (e.g., scopolamine) are not yet understood.
Within the accumbens, cholinergic interneurons are the only source of ACh, acting locally to regulate the activity of other interneurons and NAC efferents. Silencing neurotransmission in accumbal ChAT neurons would prevent release of acetylcholine that modulates downstream cellular responses to glutamate, dopamine, and other transmitters within the NAC, ultimately affecting the output of the NAC through the activity of D1-or D2-containing MSNs (Fig. 5B) . However, there is new evidence that striatal cholinergic interneurons also modulate fast glutamatergic neurotransmission (29) , which would also be silenced by the methods used in the current study. Therefore, although the cholinergic hypothesis outlined above suggests that anticholinergics are antidepressants, we find that silencing cholinergic interneurons locally in the NAC is prodepressive in rodent models of the disease. One simple explanation is that the effects of scopolamine and other anticholinergics are due to ACh activity in brain areas outside the NAC. Within the NAC, and given the complexity of the local microcircuitry and the diverse inputs and outputs, our identification of a single cell type that regulates anhedonia and behavioral despair is an important step forward in mapping the functional cellular circuitry dysregulated in MDD and related diseases. Because silencing neurotransmission in ChAT neurons mimics the behavioral phenotype observed when p11 is deleted from these cells, we hypothesize that the removal of p11 disrupts ChAT neuron activity and/or neurotransmission. This effect may be achieved by changes in the cellular response to serotonin because the expression of serotonin receptors at the cell surface is regulated by p11 levels (7). It is also likely that other pathways may contribute to the altered physiological responses, because p11 is known to bind other transmembrane ion channels and signaling proteins (30) . Here, we clearly identify accumbal ChAT neurons as a cellular substrate for regulation of depression-like behavior by p11. Future molecular and pharmacological studies, including TRAP molecular profiling will be necessary to validate this hypothesis.
Anatomical Dissociation Between Roles of p11 in Mediating DepressiveLike States and Antidepressant Responses. Current antidepressant therapies have relatively low treatment response rates and are accompanied by a host of unpleasant side effects. These treatments are based on drugs developed more than 50 y ago. It is therefore crucial to incorporate the significant progress that has been made toward our understanding the neural circuitry mediating MDD into developing novel treatments that specifically target the underlying cell types. Previous work has shown that constitutive p11KO mice, which lack p11 in the whole brain and body, have both a depressive-like phenotype and are less sensitive to antidepressant treatment (7) . p11 is normally expressed in a variety of cell types throughout the central nervous system (31) . The current study demonstrates that p11 in NAC cholinergic interneurons is sufficient for regulating anhedonia and behavioral despair, identifying these cells as modulators of mood.
It is notable that ChAT-p11KO mice retain their ability to respond to SSRI antidepressant treatment. This result suggests an anatomical dissociation between p11's involvement in regulating depression-like states and antidepressant responses. In fact, this notion is consistent with recent evidence showing that corticostriatal p11-expressing neurons, which have a strong molecular response to an SSRI also mediate behavioral antidepressant responses (32) . Loss of p11 in these cells does not induce a depression-like phenotype (32) . Our results are also consistent with the observation that CAMK2α-p11KO mice, which lack p11 in most forebrain neurons (including the corticostriatal p11 cells and striatal MSNs, but not striatal ChAT neurons), show no response to SSRI antidepressants (13) . These mice also do not show a depression-like phenotype, presumably because p11 levels in the accumbal cholinergic interneurons are preserved.
The complexity of the neural circuitry underlying mood points toward distinct sites for pathophysiology and treatment. For example, our findings implicate NAC cholinergic interneurons in mediating depression-related behaviors, but the p11-expressing corticostriatal cells underlying antidepressant responses send projections predominantly to dorsal striatum with few efferents to the NAC (32) . Although there appear to be no direct connections between these two cell types, they are both significant components of parallel basal ganglia loops, which have independent but integrated roles in cognitive and motivational features of behavior (33) (34) (35) . These observations present definitive evidence that the cell types generating behavioral phenotypes and those required for effective therapy are distinct. Such an anatomical dissociation between disease and treatment is common for complex circuit-based diseases. In the case of Parkinson's disease, the dopaminergic cells in substantia nigra degenerate, but current effective therapies target downstream dopamine-receptive cells (36) . The present study combined with recent results from the cortex (32) sets the precedent that an indepth analysis of multiple cell types will be required to understand both the genesis of the depressive behavioral phenotype and the mechanisms required for effective treatment.
Methods
Animals. Male C57BL/6 mice (8-10 wk old; Charles River Laboratories) were used for experiments in Fig. 1 . For all other experiments, male transgenic mice and WT littermates (8-24 wk old) were used. Mice were housed 2-5 per cage with ad libitum access to food and water. p11 constitutive KO mice were generated and maintained at the Rockefeller University (7). Cell typespecific p11 KO mice were generated at The Rockefeller University by breeding floxed p11 mice (13) with mice expressing the CRE recombinase under ChAT (GM60), Drd2 (ER44), Adora2a (KG139), or Drd1a (EY262) promoters (CRE mice provided by GENSAT). For AAV experiments, ChAT-CRE mice were bred with WT or p11 constitutive KO mice. For bacTRAP experiments, ChAT-, D1-, or D2-bacTRAP mice were used (12) . Animal use and procedures were in accordance with the National Institutes of Health guidelines and approved by the Institutional Animal Care and Use committees.
Immunohistochemistry. Immunohistochemistry was performed using standard procedures (see SI Methods).
Behavioral Analysis. Sucrose preference was performed as described (7) . The open field locomotor test, TST, and FST were performed as described (8) . Citalopram hydrobromide (Sigma) was dissolved in sterile saline and was delivered acutely (20 mg/kg, i.p.) 30 min before the tail suspension test.
AAV Vector Construction and Virus Production. p11 viruses. The CRE inducible overexpressing vectors were obtained by subcloning either the mouse p11 coding sequence or a flag-tagged YFP downstream of an RFP-STOP cassette flanked by two loxP sequences (ATAACTTCGTATAGCATACATTATACGAA-GTTAT) into an AAV vector containing a CMV/Chicken β-actin hybrid promoter followed by composite chicken β-actin/rabbit β-globin intron (gift from Matthew J. During, Ohio State University, Columbus, Ohio). In the absence of the CRE recombinase, RFP is expressed. In the presence of the CRE 
